Abstract-Los Alamos National Laboratory has been testing COTS electronic parts for potential use in small spacecraft and high altitude telemetry systems. In this paper, we present results of neutron and total ionizing dose (TID) testing.
I. INTRODUCTION ecently, there has been great interest in the development of small satellites that use commercial-off-the-shelf parts (COTS). The goal in the development of the small satellites is to develop systems that can be quickly deployed with immense processing power compared to those developed with standard radiation hardened components. The problem with the use of COTS is that, while they do provide large amounts of performance at a low cost in power, they are not qualified for operation in high altitude and space environments. Specifically, a radioactive environment can cause failure in electronic parts through single-event effects (SEE) and total ionizing dose (TID). SEEs occur when a radiation particle deposits charge into the sensitive volume of a transistor. If enough charge is deposited, the transistor could temporarily change state (single-event transient or upset) or, in the worst case, catastrophically fail (single-event burnout, single-event gate rupture, single-event latchup). In addition to SEE, an electronic part may accumulate total ionizing dose, which may cause a decrease of performance and eventually lead to failure.
In this paper, we present results from both SEE and TID testing for various eMMC memory, mixed-signal, and analog parts. All parts tested are COTS and have no known space heritage. Previously, we have observed that many similar parts are sensitive to SEE and TID induced failures [1] . However, a failure or error in a part does not imply that the part cannot be used in a space mission. For this reason, we accurately characterize the failure thresholds for the parts so that satellite ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ This paper is organized as follows, Section II discusses the test facility and methodology for both SEE and TID testing, and Section III and IV presents the results and detailed descriptions for parts with failure data. Section V concludes the paper.
II. TEST FACILITIES AND METHODOLOGY
All parts were tested for SEE susceptibility at Los Alamos Neutron Science Center's (LANSCE) Irradiation of Chips and Electronics (ICE) House I and II with a neutron spectrum from 0.5 MeV to 800 MeV and a flux of 1x10
. While neutrons are not abundant in space, they are a reasonable analog to proton-induced effects at energies above 5 MeV [3] . Neutrons are advantageous since parts do not need to be deprocessed and ranging issues do not exist. Furthermore, the effective linear energy transfer (LET) of neutron testing is the same as in proton testing with the secondary particles limited to less than 14 Mev-cm 2 /mg, but with the added advantage that the part will not accumulate total ionizing dose [4] . Testing at LANSCE was performed at both room and elevated temperatures. Much of the initial testing at LANSCE was done with evaluation boards so that we could obtain results more quickly and with a limited cost investment. In addition, while neutrons do not match heavy ion data exactly, they can provide a first order "Go/No-Go" screen of parts to determine which may fail or require further heavy ion testing. This type of test methodology was demonstrated in [1] .
Most parts were tested with a "test as you fly-fly as you test" philosophy with input voltages equivalent to those anticipated in final circuits. Loads currents on power parts were typically set to 80% of rated power. In the case of the eMMC devices tested, all parts were exercised by continuous read and write operations and monitored for unexpected controller behaviors and data corruption.
TID testing was conducted using the 137 Cs source at the Los Alamos National Laboratory's (LANL) calibration facility. All parts were placed in a PbAl box as close to the source as possible and were irradiated at a rate of approximately 6 rad(Si)/s. The parts were irradiated until a failure was observed or a total dose of 100 krad(Si). To ensure consistency between our SEE and TID data, all parts were biased the same between both experiments. The principal investigators are listed in Table II. Tables III and  IV provide the SEE and TID results. All fluences are assumed to be calculated by counting the number of neutrons above 10 MeV and all doses are in krad (Si) unless otherwise noted. 
IV. TEST RESULTS AND DISCUSSION

A. LTM8031
The LTM8031 is a Linear Technology/ Analog Devices 36V, 1A DC-DC buck converter design for automotive and industrial applications. The converter is capable of operation over an input voltage range of 3.6V to 36V and an output range of 0.8V to 10V. For this experiment, two convertors were irradiated at LANSCE ICE House-II on June 20-26, 2018.
Each were tested on the Linear Technology LTM8031EV demo board with date and lot information not available. The input voltages for both parts was set to 9V and the output was connected to an electronic load set to 6.5 Ω.
Testing was performed at room temperature. Fig. 1 shows the output voltage of the two devices. From the beginning, the output voltage started to drift upwards and continued until the conclusion of the experiment. The jump in the output for part no. 2 is due to a gap in the data logging. 
B. ADC31JB68
The Texas Instruments ADC31JB68 is a single channel 16-bit 500 Msps analog to digital converter (ADC). It is capable of operation for an input range of up to 1.7 Vpp. One ADC31JB68 was tested at room temperature in neutron at ICE House-I in November 2016. The part was tested on at TI evaluation board. Setup included a 500MHz 40 mVpp input signal and a 500MHZ 12 dbm clock signal. Power was supplied and monitored with a data acquisition system. After the irradiation, no changes were observed in the part and no change in current consumption was observed.
C. TRACO DC-DC Converters
Various high performance DC-DC converters from TRACO were tested. The converters were rated for a 28V or 36V input voltage. When possible, multiple components were tested for differing output voltages to characterize over the full operation range. The parts were all tested at ICE House-1 to determine their sensitivity to neutrons. For all tests, the output was monitored for transients and in some testes that parts were heated. In a few of the experiments, transient pulses were observed; fig. 2 gives an example of a transient of approximately 250 µs on the THN 15-2411-1 converter. Table  III provides a summary of all tests conducted. 
D. LTC3561
The LTC3561 is a 1A, 4 MHz step-down DC-DC converter. It is capable of input voltages from 2.63 V to 5.5 V. Two parts were tested at ICE House-1 at room temperature and at an elevated 50° and 60°C. A total of 5 transients between both parts were recorded after the fluence exceeded 4.25x10 11 . No transients were recorded before this point. After irradiation, both parts functioned normally. Fig. 3 presents a waveform captured at the component's output. 
E. TPS7A8300
Three of the Texas Instruments TPS62090 buck converter were irradiated at ICE House-II. While supplemental heat was not added to the part, a load chosen for an output current of 900 mA caused to part to get hot. The output was monitored and many transients were recorded. However, upon further observation of the waveforms, it was determined that they were from electrical noise instead of radiation. After irradiation, the part functioned normally.
F. TPS61175
Three samples of the TPS61175 programmable 3A boost converter from Texas Instruments were tested at ICE House-I. The parts were tested on TPS61175EVM-588 and TPS61175EVM-326 evaluation boards at room temperature. One part experienced a Single Event Functional Interrupt (SEFI) that was not reproduced during the test. A root cause for the failure was not able to be determined thus this test is considered inconclusive.
G. eMMC Devices
A total of twenty eMMC flash memory storage devices from six different manufacturers were tested over two separate runs. The two Greenliant parts were testing at ICE-House II, while all other manufacturers were testing at ICE-House I. These devices consist of one or more NAND flash dies packaged together with a programmable eMMC flash interface controller die.
SEE Testing of the eMMC parts was managed by ARM microprocessor development boards placed outside the beam and connected with a length of cable to separate circuit boards in the beam path carrying the DUTs. These development boards ran customized SDIO drivers and test programs for the eMMC devices, and reported information back to a monitoring computer outside the beam area for data logging purposes. Isolated power to both required eMMC voltage rails as well as current and voltage logging was provided by two output programmable power supplies.
The test programs were designed to exercise the eMMC flash memory read and write modes, identify both data and controller errors, and automatically attempt recovery of unresponsive devices by soft chip resets or hard power cycling of the programmable power supply. Test reads and writes were performed sequentially across the entire NAND memory space. The primary focus of these tests was on identifying different types of single-event functional interrupts (SEFI) experienced by the flash die and interface controller, evaluating mitigation strategies for these events, and characterizing any permanent failure modes that appeared.
All devices tested experienced frequent interface controller upsets under irradiation. Most of these events resulted in the part becoming completely unresponsive to commands, requiring a full power cycle to reinitiate communication. A smaller subset of controller upsets were recoverable using eMMC reset and initialization commands (9.4% of events across all manufacturers excluding Sandisk). Among the manufacturers, Sandisk parts were a clear outlier, demonstrating a much higher rate of controller upsets overall, the majority of which were recoverable without power cycling (88.5%).
Out of all devices tested, two common permanent failure modes were observed. The first of these involves suspected firmware corruption of the interface controller. In these modes, the device permanently reports a busy state in the device status register and does not properly respond to device commands. The second common failure mode occurs when issuing write commands to the device. The device will properly enter the programming state, but the actual programming operation never completes and the controller remains stuck in that state. The part will still initialize and respond correctly to read commands after reset, but no data is ever written to the flash memory.
Three other permanent failure modes were identified that only affected a single DUT, as listed in Table V .
No bit errors were observed on data written and read to the eMMC flash memory during the course of the test, though any direct effects to the internal NAND flash die may have been masked by ECC implemented in the internal eMMC controller.
V. CONCLUSION
LANL tested several candidate parts for applications in satellite and high altitude telemetry systems. Parts were chosen and tested with no prior knowledge on their radiation performance. Many of the parts showed some sensitivity to radiation through observed transient pulses or, in the case of the eMMC memory, transitions to undesirable execution states as well as permanent operational failures.
